The Ca 2؉ -calmodulin-activated Ser͞Thr protein phosphatase calcineurin and the downstream transcriptional effectors of calcineurin, nuclear factor of activated T cells, have been implicated in the hypertrophic response of the myocardium. Recently, the calcineurin inhibitory agents cyclosporine A and FK506 have been extensively used to evaluate the importance of this signaling pathway in rodent models of cardiac hypertrophy. However, pharmacologic approaches have rendered equivocal results necessitating more specific or genetic-based inhibitory strategies. In this regard, we have generated Tg mice expressing the calcineurin inhibitory domains of Cain͞Cabin-1 and A-kinase anchoring protein 79 specifically in the heart. ⌬Cain and ⌬A-kinase-anchoring protein Tg mice demonstrated reduced cardiac calcineurin activity and reduced hypertrophy in response to catecholamine infusion or pressure overload. In a second approach, adenoviral-mediated gene transfer of ⌬Cain was performed in the adult rat myocardium to evaluate the effectiveness of an acute intervention and any potential species dependency. ⌬Cain adenoviral gene transfer inhibited cardiac calcineurin activity and reduced hypertrophy in response to pressure overload without reducing aortic pressure. These results provide genetic evidence implicating calcineurin as an important mediator of the cardiac hypertrophic response in vivo.
C
ardiac hypertrophy is broadly defined as an adaptive enlargement of the myocardium characterized by the growth of individual cardiac myocytes rather than an increase in cell number. Whereas cardiac hypertrophy is a beneficial response that temporarily augments output, sustained hypertrophy often becomes maladaptive and is a leading predictor of future heart failure (1, 2) . To understand the molecular mechanisms that underlie adaptive and maladaptive cardiac hypertrophy, investigation has centered around a characterization of the intracellular signal transduction pathways that promote cardiac myocyte growth (3, 4) .
One such intracellular signaling pathway involves the calciumcalmodulin, Ser͞Thr protein phosphatase calcineurin (PP2B). Sustained elevations in intracellular calcium concentration, in association with calmodulin, directly activate calcineurin phosphatase activity leading to the dephosphorylation and nuclear translocation of a family of transcription factors known as nuclear factor of activated T cells (5, 6) .
A role for calcineurin and nuclear factor of activated T cells as regulators of cardiac hypertrophy was recently identified (7) . Transgenic (Tg) mice expressing an activated calcineurin or a constitutively nuclear nuclear factor of activated T cells c4 factor in the heart demonstrated profound hypertrophy that rapidly progressed to heart failure (7) . In vitro, adenoviral-mediated gene transfer of activated calcineurin also promoted hypertrophic growth of neonatal cardiac myocytes (8) . Treatment of cultured cardiomyocytes with the calcineurin inhibitory agents cyclosporine A (CsA) or FK506 blocked agonist-induced hypertrophy, suggesting a necessary role for calcineurin in the hypertrophic response (7) . In vivo, three separate mouse models of hypertrophic cardiomyopathy were largely rescued by the administration of CsA or FK506, further implicating this signaling pathway in the heart (9) . CsA and FK506 have also been reported to attenuate͞prevent pressure overload-induced cardiac hypertrophy in most (9-18) but not all in vivo studies (19) (20) (21) (22) .
Although the main biological effects of CsA and FK506 are attributed to calcineurin inhibition, each agent has multiple intracellular targets that are independent of calcineurin (23) (24) (25) . To block calcineurin activity without using pharmacologic agents, we generated cardiac-restricted Tg mice expressing the calcineurin inhibitory protein domains from Cain͞Cabin-1 and A-kinase-anchoring protein 79 (AKAP79) (26) (27) (28) . ⌬Cain-and ⌬AKAP-expressing Tg mice each demonstrated inhibited calcineurin activity and attenuated cardiac hypertrophy in response to physiologic hypertrophic stimuli. In a separate approach, adult wild-type (WT) rats subjected to acute myocardial adenoviral gene delivery of ⌬Cain demonstrated attenuated hypertrophy in response to pressure overload stimulation. Collectively, these results provide genetic evidence that calcineurin is an important regulator of catecholamine-or pressure overload-induced adaptive growth of the heart in vivo.
Materials and Methods
Generation of Tg Mice. A 582-bp cDNA fragment encoding the calcineurin inhibitory domain of Cain͞Cabin-1 (amino acids 1989-2182) (29) was subcloned with a 5Ј Flag epitope into the murine ␣-myosin heavy chain promoter expression vector (gift from Jeffrey Robbins' Children's Hospital, Cincinnati, OH). Similarly, a cDNA fragment corresponding to amino acids 60-358 of AKAP79 (gift from John Scott, Vollum Institute, Portland, OR) was also subcloned into the murine ␣-myosin heavy chain promoter expression vector. The injection fragment was gel purified and reconstituted in 2 mM Tris⅐HCl (pH 7.5)͞20 M EDTA and injected into fertilized eggs from FVB͞N mice (2-5 ng͞ml), and transferred to the oviducts of pseudopregnant recipients.
Western and Northern Blotting. Western and Northern blots were performed as described in detail (12, 29) . Western blot membranes were incubated with a 1:5,000 dilution of anti-Flag mAb (Sigma) followed by an anti-mouse alkaline phosphataseconjugated secondary antibody to allow visualization by chemiluminescence (ECF kit; Amersham International). For Northern blots, 10 g of total RNA was electrophoresed and blotted to nylon membranes. All images were scanned and quantified by using a Storm 860 PhosphorImager (Molecular Dynamics).
Calcineurin Activity Assay. The calcineurin phosphatase assay was performed as described (12) . Phosphatase activity was measured from cardiac protein extracts as the dephosphorylation rate of a synthetic [ 32 P]ATP-labeled phosphopeptide substrate (R-II peptide; Peninsula Laboratories) in the presence of 0.5 mM CaCl 2 ͞ 1.0 M calmodulin͞1.0 M okadaic acid. Calcineurin-specific activity was blocked with the addition of 500 M calcineurin autoinhibitory peptide (Calbiochem), and subtracted from the unblocked reaction to calculate total enzymatic activity.
Animal Models. Eight-week-old nonTg, ⌬Cain, or ⌬AKAP mice were anesthetized with isoflurane and their abdominal aortas were exposed through a midline abdominal incision. A 6-0 silk suture was tied around the abdominal aorta immediately below the celiac trunk and a blunted 25-gauge needle, after which the needle was removed to create a defined constriction.
Alzet miniosmotic pumps (no. 2002; Alza) containing either isoproterenol (60 mg͞kg͞day) or PBS (control) were surgically inserted dorsally and s.c. in 8-week-old mice under isoflurane anesthesia for an additional 2 weeks.
Adenoviral delivery in rats and their subsequent aortic banding were performed as described (30) (31) (32) (33) . Echocardiography was performed by using a Hewlett-Packard Sonos 5500 Ultrasound System equipped with a 15-MHz transducer.
Statistical Analysis. The results are presented as means Ϯ SEM. Statistical analyses were performed by using INSTAT 3.0 software (GraphPad, San Diego) and ANOVA followed by Bonferroni's post-test when appropriate.
Results
Generation of ⌬Cain and ⌬AKAP79 TG Mice. CsA and FK506 have been shown to mediate calcineurin-independent biological effects, suggesting additional mechanisms whereby cardiac hypertrophy might be influenced by these agents (23) (24) (25) . To more directly investigate the role of calcineurin as a regulator of cardiac hypertrophy, we generated heart-specific Tg mice expressing the calcineurin inhibitory domains from Cain or AKAP79. The calcineurin inhibitory domain of Cain has a consensus sequence that is also conserved in the calcineurin inhibitory domains of AKAP79 and FK506-binding protein 12 (Fig. 1A) . Flag epitope containing cDNA fragments encoding the inhibitory domains from either Cain or AKAP79 were cloned into the ␣-myosin heavy chain promoter construct for generation of Tg mice (Fig. 1B) .
Four Cain chimeric founders were originally generated, of which two failed to transmit the transgene into the germ line, one died prematurely with dilated cardiomyopathy, and one successfully passed the transgene into the germ line, creating an established line for subsequent analyses. The successful ⌬Cain founder line demonstrated low transgene copy number (one to three transgene inserts) which was associated with low but detectable levels of protein expression by anti-Flag Western blotting of heart protein extracts (Fig. 1C) . Because the biologic effects of Cain might also include calcineurinindependent actions, the calcineurin inhibitory domain of AKAP79 was also used to generate Tg mice (one to three transgene inserts; Fig. 1C ).
Low-Expressing ⌬Cain and ⌬AKAP Tg Mice Have Normal Cardiac
Phenotypes. Analysis of high-expressing ⌬Cain or ⌬AKAP Tg founder lines demonstrated diminished myofibrillar crosssectional area and thin ventricular walls, suggesting an inhibition of ''normal'' developmental hypertrophy (see Discussion). However, lines expressing relatively low levels of either ⌬Cain or ⌬AKAP had no discernable defects in heart maturation or adult heart function. Echocardiographic analysis of low-expressing double-copy (ϩ͞ϩ) lines demonstrated normal left ventricular posterior wall and septal thicknesses at 8 weeks of age (Table 1 ). In addition, left ventricular end-diastolic or end-systolic chamber dimensions were comparable to WT FVB͞N littermates and ⌬Cain and ⌬AKAP mice had normal fractional shortening (Table 1) .
⌬Cain and ⌬AKAP Inhibit Isoproterenol (Iso)-Induced Cardiac Hypertrophy in Vivo. To investigate the importance of calcineurin activation as a mediator of cardiac hypertrophy, low-expressing ⌬Cain and ⌬AKAP Tg lines were subjected to iso minipump infusion over 14 days. The data demonstrate comparable heartto-body weight ratios between WT, ⌬Cain, and ⌬AKAP Tg mice infused with saline over 14 days (Fig. 2A) . However, WT FVB͞N mice demonstrated a 24% increase in heart-to-body weight ratio in response to isoinfusion whereas single (ϩ͞0) or double-copy (ϩ͞ϩ) ⌬Cain and ⌬AKAP Tg mice each demonstrated an Ϸ50% reduction in hypertrophy (P Ͻ 0.05) (Fig. 2 A) .
Cardiac calcineurin enzymatic activity was analyzed from saline and isoinfused WT and ⌬Cain Tg mice. The results show a nearly fivefold increase in cardiac calcineurin activity in WT isoinfused mice compared with saline mice (P Ͻ 0.05) (Fig. 2C) . In contrast, ⌬Cain Tg mice failed to show an induction in cardiac calcineurin activity in response to isoinfusion (P Ͻ 0.05) (Fig. 2C ).
⌬Cain and ⌬AKAP Inhibit Pressure Overload Cardiac Hypertrophy in Vivo. To further investigate the importance of calcineurin activation in a different model of cardiac hypertrophy, lowexpressing ⌬Cain and ⌬AKAP Tg mice were subjected to abdominal aortic constriction to induce pressure overload. Induction of pressure overload stimulated an increase in heart-tobody weight ratio in WT FVB͞N mice over 14 days (Fig. 2B) . However, single-and double-copy ⌬Cain Tg mice showed a 68% and 79% reduction in pressure overload-induced cardiac hypertrophy, respectively, whereas single-and double-copy ⌬AKAP Tg mice showed a 25% and 38% reduction, respectively, when compared with WT FVB͞N-banded mice (Fig. 2B) . In response to aortic banding, WT FVB͞N mice showed a greater than twofold increase in cardiac calcineurin activity, which was significantly blunted in double-copy ⌬AKAP Tg mice (Fig. 2D) .
Collectively, these data demonstrate that genetic inhibition of calcineurin activity in the heart reduces the magnitude of load-induced hypertrophy.
Histological analysis of aortic-banded and isoinfused WT mice demonstrated a qualitative increase in heart size that was significantly less prominent in ⌬Cain Tg mice (Fig. 3A) . Microscopic analysis of hematoxylin and eosin-, and trichrome-stained cardiac histological sections failed to identify any signs of significant pathology in any group at 14 days (data not shown). Hearts from aortic-banded ⌬Cain mice were also analyzed for mRNA levels of hypertrophy-related marker genes by Northern blot analysis. WT FVB͞N mice showed a significant increase in atrial natriuretic factor, skeletal ␣-actin, and myosin light chain 2a, whereas this increase was attenuated in the hearts of aorticbanded ⌬Cain Tg mice (Fig. 3B) .
Adenoviral Delivery of ⌬Cain Attenuates Pressure Overload Hypertrophy in the Rat. To address differences in animal models and the timing of calcineurin inhibition as potential variables, adult rats were acutely infected with a ⌬Cain-expressing adenovirus by aortic-coronary perfusion followed by aortic banding. Hajjar et al. (30) demonstrated an in vivo method of acute gene transfer by using recombinant adenovirus whereby 50-70% of cardiac myocytes are uniformly infected throughout the entire myocardium, without signs of a inflammation over 7 days. Since this description, multiple reports have used this technique to alter the Isoproterenol infusion and aortic banding stimulated a significant increase in cardiac calcineurin activity as measured by RII peptide dephosphorylation in WT mice (n ϭ 3, each), which was reduced in isoinfused ⌬Cain (n ϭ 3) or aortic-banded ⌬AKAP Tg mice (n ϭ 3). * , P Ͻ 0.05 vs. nonTG-iso or banded; †, P Ͻ 0.05 vs. nonTG; and #, P Ͻ 0.05 vs. AKAP (ϩ͞0).
function and hypertrophic characteristics of the myocardium (31) (32) (33) (34) . In the present study, adult rat hearts were infected with Adcain or Ad␤gal (control) and subjected to aortic banding for 7 days. Significant cardiac hypertrophy was observed in Ad␤gal-infected rats whereas Adcain infection resulted in a 40% decrease in left ventricular hypertrophy (P Ͻ 0.05) (Fig. 4A) . Importantly, measurement of trans-aortic pressure gradient induced by aortic banding showed no difference between Ad␤gal-and Adcain-infected groups (Fig. 4B) . Furthermore, aortic-banded control rats (Ad␤gal) demonstrated a nearly threefold increase in cardiac calcineurin activity, whereas Adcain aortic-banded rats showed no increase in cardiac calcineurin activity (P Ͻ 0.05) (Fig. 4C) . To verify expression of the adenoviral-encoded ⌬Cain protein, two Adcain-injected rat hearts were processed and subjected to Western blotting with Flag antibody. The data demonstrate significant viral-mediated expression of the ⌬Cain protein domain 7 days after cardiac injection (Fig. 4D) . These results indicate that acute delivery of the ⌬Cain-expressing adenovirus generates significant protein expression in the heart that is associated with inhibition of calcineurin activity and a reduction in pressure overload-induced hypertrophy.
Discussion
Within the last 2 years, controversy has emerged concerning the effectiveness of calcineurin inhibitory drugs (CsA and FK506) as antihypertrophic agents. In the present study, we generated several genetic approaches to further evaluate the role of calcineurin as a regulator of the cardiac hypertrophic response in vivo. Tg mice expressing the calcineurin inhibitory domain of either Cain or AKAP79 each demonstrated partial reduction in catecholamineand pressure overload-induced cardiac hypertrophy. Adenoviralmediated gene delivery of ⌬Cain in adult WT rat hearts also attenuated load-induced hypertrophy in vivo. These divergent approaches strongly implicate calcineurin as an important regulator whereby cardiomyocytes respond to pathophysiologic stimuli.
Reduction of Cardiac Hypertrophy with ⌬Cain and ⌬AKAP. Tg mice expressing either ⌬Cain and ⌬AKAP in the heart demonstrated a significant reduction in cardiac calcineurin activity and load-or catecholamine-induced cardiac hypertrophy. However, doubling ⌬Cain or ⌬AKAP transgene copy number did not further reduce cardiac hypertrophy, except in ⌬AKAP double-copy mice subjected to isoinfusion (Fig. 2 A) . This lack of further reduction in doublecopy Tg mice suggests that the effects of ⌬Cain or ⌬AKAP are largely saturating at single-copy levels. Comparison between ⌬Cain or ⌬AKAP hypertrophic responses also suggested that ⌬Cain was a slightly better inhibitor than ⌬AKAP, although this comparison is difficult to interpret because relative protein levels may differ between ⌬Cain or ⌬AKAP Tg mice. It remains possible that ⌬Cain is a better calcineurin inhibitor than ⌬AKAP, or that ⌬Cain inhibits other intracellular factors which further reduces hypertrophy (see below). Analysis of Adcain-infected rats showed less reduction of load-induced cardiac hypertrophy compared with aortic-banded ⌬Cain Tg mice. However, such a comparison is complicated by the species difference, the difference in the surgical procedure, and the difference in time course (7 vs. 14 days). The degree to which the calcineurin enzymatic assay accurately reflects endogenous calcineurin activity remains uncertain. Indeed, the calcineurin assay measures activity from homogenized and processed protein extracts under saturating calcium and calmodulin concentrations, any point at which associated positive or negative regulatory factors could be lost.
⌬Cain and ⌬AKAP as Calcineurin Inhibitors. We previously characterized the effectiveness of recombinant ⌬Cain-and ⌬AKAP-expressing adenovirus to antagonize phenylephrine or angiotensin II-induced hypertrophy of cultured neonatal cardiomyocytes (29) . The calcineurin-docking domain of AKAP79, which is distinct from the protein kinases C-and A-docking domains, acts as a potent noncompetitive inhibitor of calcineurin activity (28) . Cain͞Cabin-1 is a 230-kDa protein highly expressed in the brain that contains a potent noncompetitive calcineurin inhibitory domain in the extreme C terminus (26, 27) . Neither AKAP79 nor Cain are expressed at significant levels in the heart, suggesting that they are not physiologic regulators of cardiac calcineurin activity. More recently, the calcineurin inhibitory genes MCIP1 and MCIP2 (DSCR1 and ZAKI-4) were identified and shown to be highly expressed in the heart and skeletal muscle, potentially representing physiologic regulators of calcineurin activity in striated muscle (35, 36) . Even though AKAP79 and Cain are unlikely to regulate calcineurin in the heart, the current Tg approach reduced endogenous activity in the heart in much the same way a drug like CsA would be used, yet without the systemic side effects.
Cabin-1͞Cain has recently been implicated as a direct negative regulator of the transcription factor myocyte enhancer factor 2 (MEF2; ref. 37) , which itself might regulate cardiac hypertrophy (38, 39) . Indeed, the MEF2 inhibitory domain of Cain is coincident with the C-terminal calcineurin inhibitory domain (37) . Consistent with this report, we determined that the 194-aa inhibitory domain of Cain used for transgenesis also inhibited MEF2 transcriptional responses in cultured cells (data not shown). However, the calcineurin inhibitory domain of AKAP79 did not block MEF2 transcriptional activity, suggesting that AKAP79 does not influence MEF2 function (data not shown). In any event, roughly comparable inhibition of cardiac hypertrophy was observed in ⌬Cain and ⌬AKAP mice, suggesting a primary role for calcineurin in the hypertrophic response.
Role for Calcineurin in the Hypertrophic Response. At Ϸ1 week of postnatal development, cardiomyocytes permanently exit the cell cycle so that all subsequent growth of the rodent heart occurs through hypertrophy of individual myocytes (40) . Developmental hypertrophy is likely mediated by many of the same intracellular signaling pathways that are implicated in adult pathological hypertrophy. Consistent with this hypothesis, we observed that high copy number ⌬Cain or ⌬AKAP Tg were not viable beyond 2 weeks of life because of ineffective developmental hypertrophy and subsequent ventricular dilation (data not shown). In contrast, low copy number ⌬Cain and ⌬AKAP Tg mice were viable and overtly normal, suggesting that robust inhibition of calcineurin in the heart is not well tolerated during early postnatal development.
The results of the present study support an increasing body of literature consisting of 13 reports at present which demonstrate a partial or complete inhibition of cardiac hypertrophy or heart failure by using cyclosporine and͞or FK506 (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (41) (42) (43) . However, such reports remain controversial for a number of reasons. First, four studies failed to identify a significant decrease in cardiac hypertrophy in rodent models of pressure overload treated with CsA or FK506 (19) (20) (21) (22) . Second, CsA and FK506 are known to have additional biological effects, separate from calcineurin inhibition (23) (24) (25) . Third, chronic CsA therapy induces renal toxicity leading to hypertension and secondary cardiac hypertrophy in humans (44) .
Another confounding issue is the dosage of CsA or FK506 that is required to show an effect on cardiac hypertrophy. Indeed, 5-to 10-fold higher levels of CsA are required to inhibit cardiac calcineurin activity and attenuate the hypertrophic response compared with immunosuppressive doses (12) . These findings are likely related to the higher calcineurin protein content in cardiomyocytes relative to T or B cells (5) .
A final and perhaps more important consideration is related to the multifactorial nature of the cardiac hypertrophic response itself. Indeed, we have identified two Tg mouse models of hypertrophic cardiomyopathy that are insensitive to CsA [nuclear factor of activated T cells c4 or mutant RXR␣-overexpressing Tg mice (9, 41) ]. In this study, ⌬Cain and ⌬AKAP Tg mice and Adcain-infected rats did not show ''complete'' blockade in cardiac hypertrophy or in the expression of molecular markers of hypertrophy. Such observations underscore the multifactorial nature of the cardiac hypertrophic response and suggest molecular heterogeneity in the process singularly referred to as cardiac hypertrophy. Nevertheless, the results of the present study implicate calcineurin as an important mediator of pathophysiologic hypertrophy and suggest the development of new approaches to selectively inhibit calcineurin activity in the heart. 
